Radiotherapy induces the production of cytokines, thereby increasing aggressive tumor behavior. This radiation effect results in the failure of radiotherapy and increases the mortality rate in patients. We found that interleukin-4 (IL-4) and IL4Ra (IL-4 receptor) are highly expressed in various human cancer cells subsequent to radiation treatment. In addition, IL-4 is highly overexpressed in metastatic carcinoma tissues compared with infiltrating carcinoma tissues. High expression of IL-4 in patients with cancer is strongly correlated with poor survival. The results of this study suggest that radiation-induced IL-4 contributes to tumor progression and metastasis. Radiation-induced IL-4 was associated with tumorigenicity and metastasis. IL-4 expression was downregulated by miR-340 and miR-429, which were decreased by ionizing radiation (IR). Radiation-regulated miR-340/429-IL4 signaling increased tumorigenesis and metastasis by inducing the production of Sox2, Vimentin, VEGF, Ang2, and MMP-2/9 via activating JAK, JNK, β-catenin, and Stat6 in vitro and in vivo. Our study presents a conceptual advance in our understanding of the modification of tumor microenvironment by radiation and suggests that combining radiotherapy with genetic therapy to inhibit IL-4 may be a promising strategy for preventing postradiation recurrence and metastasis in patients.
INTRODUCTION
Radiotherapy is one of the leading therapeutic options for cancer patients. Even though ionizing radiation (IR) is cytotoxic to cancer cells, recent studies have reported the paradoxical effect of IR promoting the malignant cell phenotype in various cancer types, including lung [1] , hepatocellular carcinomas [2] , and gliomas [3] . Moreover, many studies utilizing animal models have demonstrated that IR administered to primary tumors accelerates their spread and formation of distant metastases in vivo [4] . As the understanding of radiobiology has improved, investigators have sought to determine the basis for the radio-resistance of tumor cells that underlies tumor recurrence and treatment failure [5] [6] [7] [8] [9] [10] . Previous studies have reported that radiotherapy can activate cytokine production [11] and cytokine regulated cellular radio-sensitivity [12] . In addition, IR-induced modification of tumor microenvironment contributes to cancer metastasis [13] . Interleukin-4 (IL-4), known as a T helper type 2 (TH2), suppresses cancer-directed immune surveillance and increases tumor metastasis [14] . Several studies have reported that IL-4 is primarily involved in the promotion of differentiation, proliferation [15] , and survival of epithelial tumor cells through its interaction with IL-4Rα [16] . Increased expression of IL-4 and IL-4 receptor (IL-4Rα) has been reported in several cancer cell types, including breast, ovarian, colon, lung, and thyroid cancers [16] [17] [18] . In addition, tumor derived IL-4 can stimulate tumor-associated macrophages and promote proliferation, survival, and metastasis of tumor cells [19] . These studies suggest the potential of IL-4/IL-4Rα as a prognostic biomarker for cancer patients or therapeutic target [16] . However, the IR-induced microenvironment modification effect of IL-4 signaling on tumorigenicity, stemness maintenance, and metastasis of cancer cells has Research Paper not been fully established. Here, we demonstrated that IRinduced IL-4 enhances epithelial-mesenchymal transition (EMT), migratory potential, invasiveness, angiogenesis, stemness, and metastasis of cancer cells or xenograft model. We also confirmed that IR-induced aggressive phenotypes were inhibited by IL-4 siRNA or anti-IL-4 antibody.
MicroRNAs (miRNAs) act as regulators of gene expression at the post-transcriptional level by binding to the 3'-untranslated regions (3'-UTRs) of specific mRNAs [20] and play important roles in development, proliferation, differentiation, and apoptosis [21] . It has been shown that miRNAs can act as oncogenes or tumor suppressor genes, and aberrant expression of miRNAs occurs in various tumors [22] . In this study, we screened for miRNAs that specifically target IL-4 and selected miR-340 and miR-429. We described that combining radiotherapy with IL-4-inhibiting treatment, including miR-340 and miR-429, decreased IR-induced aggressive tumor behavior. Therefore, our studies with selected miRNA-340/429, which targeted IL-4, might be a potential approach for cancer treatment.
RESULTS

IR induces strong expression of IL-4 and IL-4Rα in human cancer cells
IR, together with chemotherapy and surgery, is often used as a cancer therapy strategy [23] [24] [25] . However, this treatment modality alters the microenvironment of the tumor as well as distant tissues, affecting multiple cellular responses, tissue remodeling [26, 27] , and cancer metastasis [27] . To detect the harmful effects of IR, we measured, using qRT-PCR, the mRNA levels of IRinduced cytokines (IL-4, IL-5, IL-6, IL-11, and IL-16) and receptors (IL-4Rα, IL-7R, and IL-10Rα), which are crucial causative agents of IR-induced microenvironmental changes in the breast cancer cells, MDA-MB-231. After IR treatment, IL-4, IL-4Rα, IL-5, IL-10Rα, and IL-16 mRNA levels increased, whereas IL-6, IL-7R, and IL-11 levels decreased. Especially, IL-4 and IL-4Rα mRNAs were highly upregulated by IR in MDA-MB-231 ( Figure 1A , left) as well as in A498 cells (Supplementary Figure  S1) . The level of secreted IL-4 was also dramatically higher in the conditioned media from IR-treated cells compared to that from non-treated cells ( Figure 1A, right) . Expression of IL-4 and IL-4Rα proteins was upregulated by IR treatment in various cancer cell lines, including MCF-7, MDA-MB-231, A498, Caki-1, and HEK-293 cells, suggesting that this phenomenon is generalizable ( Figure 1B) . To further confirm, MDA-MB-231 cells were treated with IR for 1, 4, 8, and 24 h. As shown in Figure  1C , mRNA levels of IL-4 and IL-4Rα increased in a timedependent manner.
Elevated IL-4 expression in various tumor tissues has negative correlation with the survival rate of patients
The Cancer Genome Atlas (TCGA) dataset shows that the expression of IL-4 mRNA is upregulated in various cancer patients ( Figure 1D , left). IL-4 and IL-4Rα were also highly expressed in several types of cancer cells ( Figure 1D, right) . In addition, we showed that IL-4Rα protein was upregulated in renal cancer tissues compared to that in adjacent normal tissues ( Figure 1E ). Interestingly, IL-4 levels were especially enhanced in metastatic carcinoma tissues compared to those in breast duct carcinoma tissues ( Figure 1F ). These results suggest that tumor-derived IL-4 can act as a metastatic factor that affects tumor microenvironment. IL-4 expression has been shown to be associated with increased recurrence and reduced survival in renal cancer patients [28] . To investigate the clinical significance of IL-4 expression in different cancers, overall survival data were computed from the open source KM plotter [29] . High expression of IL-4 resulted in worse survival rate of breast and gastric cancer patients ( Figure 1G ). These data suggest that IL-4 is a potential therapeutic target for cancer therapy.
IL-4 is involved in IR-induced EMT, migration, invasion, angiogenesis, and stemness maintenance in human cancer cells
To determine whether IL-4 is involved in the acquisition of IR-induced tumorigenic properties in cancer cells, we evaluated the effect of IL-4 on IR-induced tumor progression, including enhancement of mesenchymalrelated protein expression, migratory potential, invasiveness, angiogenesis, and stemness maintenance. Knockdown of IL-4, using small hairpin RNA (shRNA) against IL-4 in A498 and MDA-MB-231 cells, decreased IR-induced expression of the mesenchymal marker proteins such as Snail, Twist, and Vimentin, as demonstrated by Western blot analysis (Figure 2A , left) and immunofluorescence staining (Figure 2A, right) . These results were supported by changes in the cell morphology exhibited by some of the cancer cells at the invasive edge, such as the epithelial cancer cells losing the cuboidal shape and changing to an elongated and fibroblastic shape. sh-IL-4 transfected A498 cells exhibited a decrease in the IR-induced migratory ( Figure 2B , left) and invasive potentials ( Figure 2B , middle) by attenuating the mRNA levels of the matrix metalloproteinases (MMPs), MMP-2 and MMP-9 ( Figure 2B, right) .
To evaluate the effect of IR-induced IL-4 on angiogenesis, we performed tube formation assay in vitro, which is widely used as a model for the reorganization stage of angiogenesis [30] . For the assay, we collected conditioned media (CM) from A498 and MDA-MB-231 cells transfected with sh-IL4 or treated with IR ( Figure 2C , www.impactjournals.com/oncotarget proteins were detected by Western blot analysis. Right, E-cadherin (Green), Vimentin (Red), and DAPI (Blue) expressions were determined by immunofluorescence staining (Scale bar, 50 μm). B. Cells treated as indicated were examined for invasion assays and migration assays. Left, Cells of scratched area were stained and counted after 18 hours. These experiments were performed in triplicate and the mean value was different from controls, significantly. Middle, cells were seeded onto Matrigel-coated transwell inserts. After 18 hours, the cells on the bottom side of filters were stained and counted (Scale bar, 100 μm). Right, MMP-2 and MMP-9 mRNA levels were checked in IR treatment or IL-4 knockdown A498 cells by q-RT PCR. The data are presented as the mean S.D. (** P < 0.005, *** P < 0.0005, Student's t-test).
(Continued ) www.impactjournals.com/oncotarget 4 cells/well), and then monitored for 6 hours to assess tube formation ability (Scale bar, 100 μm). The data are presented as the mean S.D. (** P < 0.005, *** P < 0.0005 Student's t-test). Right top, levels of secreted IL-4 in CM were verified by Western blot analysis. Ponceau S staining used as a loading control. Right bottom, angiogenesis-related proteins were detected in IL4-knockdowned or IR-treated cells by Western blot analysis. D. Sphere formation assays were conducted in IL4-knockdowned or IR-treated cells for 5~10 days. These experiments were performed in triplicate and the mean value was different from controls, significantly (Scale bar, 100 μm). The data are presented as the mean S.D. (* P < 0.05, ** P < 0.005, Student's t-test). E. Expressions of cancer stem-like cells marker proteins were determined by Western blot analysis. F. IL4-knockdowned or IR-treated cells seed on pre-coat 24-well plate with 60 μL of Matrigel and grow cells for 20 days. Photo (left) and graph (right) were taken every 5 days. These experiments were performed in triplicate (Scale bar, 500 μm). left). Each CM that contained the factors secreted by the cells was analyzed for levels of secreted IL-4 and used for tube formation assays. The level of IL-4 was dramatically higher in CM from IR-treated cells compared with that in CM from non-treated or sh-IL-4-transfected cells. The level of IL-4 in CM from IR-treated cells after sh-IL4-transfection was effectively attenuated, compared with that in CM from only IR-treated cells ( Figure 2C , right top). Tube formation in HUVECs suspended in each of the two CMs showed positive correlation with the level of secreted IL-4 ( Figure 2C , middle). Expression of the angiogenesis-related proteins, angiopoietin-2 (Ang-2) and vascular endothelial growth factor (VEGF), was downregulated in IL4-knockdown cells exposed to IR treatment, compared with only IR treated cells ( Figure 2C , right bottom). All these results taken together indicate that IL-4 is involved in IR-induced acquisition of tumorigenic properties by human cancer cells.
To investigate the role of IR-induced IL-4 in stemness maintenance, A498 and MDA-MB-231 cells were transfected with sh-IL4 or treated with IR, and the growth was measured using a sphere-forming assay and three-dimensional culture assays. These assays showed that IR-induced ability of sphere and colony formation was decreased in sh-IL-4 knockdown cell lines ( Figure  2D and 2F). Moreover, the attenuated sphere forming ability of IL4-knockdown cells was accompanied by the downregulation of Sox2 and Oct4 ( Figure 2E ), which are known as markers of breast and renal cancer stem cells [31] [32] [33] [34] . These results suggest that IL-4 mediates IR-induced maintenance of stemness in a stem-like cell population of human cancer cells.
IL-4 promotes EMT, migration, invasion, angiogenesis, and stemness by activating the JAK/JNK/ β-catenin/Stat6 signaling pathway in human cancer cells
To confirm the effect of IL-4 on cancer cell phenotype, we used a recombinant IL-4 (0.5 ng/mL) or an anti-IL-4 antibody (10 μg/mL) and examined changes in mesenchymal trait, migration, invasion, angiogenesis, and stemness in A498 cells. Exogenous IL-4 induced EMT-related proteins. Specifically, Snail, Twist, Slug, and Vimentin levels were increased, whereas E-cadherin was reduced. Conversely, neutralizing IL-4 activity with anti-IL-4 antibody decreased the expression of mesenchymal markers ( Figure 3A , left). Exposure of A498 cells to recombinant IL-4 increased their migratory and invasive potential through transcriptional regulation of genes encoding MMP-2 and MMP-9, whereas anti-IL-4 antibody decreased the migration and invasion ( Figure  3A , right and 3B). There was no proliferation under these experimental conditions (data not shown). Tube-forming ability and expression of angiogenesis-related factors, VEGF and Ang2, were enhanced by recombinant IL-4, but were inhibited by anti-IL-4 antibody ( Figure 3C ). In addition, sphere formation ability and expression of the cancer stem-like cell proteins, Sox2, and Oct4 were upregulated by recombinant IL-4 and downregulated by anti-IL-4 antibody in A498 cells ( Figure 3D ), similar to the phenomena exhibited by MDA-MB-231 cells (Supplementary Figure S2A and 2B). These data suggest that IL-4 enhances migratory potential, invasiveness, angiogenesis, and stemness maintenance in human cancer cells.
We next used recombinant IL-4 and anti-IL-4 antibody to evaluate the signaling mechanism by which IL-4 mediates IR-induced tumor progression in human carcinomas. Recombinant IL-4-treated cells dramatically activated Akt and JNK (c-Jun N-terminal kinase). However, there was no change in p38 and ERK (Extracellular signaling-regulated kinase) by IL4 treatment ( Figure 3E ). Using inhibitors of Akt and JNK, we confirmed that exogenous IL-4 increased Sox2, Vimentin, VEGF, Ang2, and MMP-2/9 by activating Akt and JNK. Especially, IL-4-induced factors mentioned above were dramatically downregulated by JNK inhibitor ( Figure  3F ). Overexpressing or inhibiting IL-4 to identify IL-4 signaling-related transcription factors, dramatically altered Stat6 (signal transducer and activator of transcription 6) and β-catenin expression ( Figure 3G ). Therefore, we used JAK (Janus kinases) inhibitor to examine Stat6 signaling pathway. We found that JAK upregulated Sox2, Vimentin, VEGF, Ang2, and MMP-2/9 by activating JNK ( Figure  3H ) in A498, similar to the IL-4-induced signaling exhibited by MDA-MB-231 cells (Supplementary Figure  S2C) . In addition, IL-4 signaling increased tumorigenic factors such as Vimentin, VEGF, and Ang2 by activation of β-catenin and Stat6 (Supplementary Figure S3) . We also confirmed the role of IL-4 signaling pathway in IR-induced tumor progression using sh-IL4-transfected A498 and MDA-MB-231 cells ( Figure 3I ). Cumulatively, these results suggest that IR-induced IL-4 regulates tumor progression by promoting β-catenin/Stat6 via activation of JAK and JNK.
IR-induced IL-4 promotes pulmonary metastasis of breast cancer cells in nude mice
To determine the effect of IR-induced upregulation of IL-4 on metastasis in vivo, we implanted orthotopically, IL-4-knockdown or negative control of metastatic MDA-MB-231 cells into nude mice and then exposed them to IR (2.5 Gy) on days 15, 16, and 17. Mice were sacrificed 21 days after implantation ( Figure 4A ). The fractionated radiation system is advantageous because of the fewer toxic effects on normal cells. Then we selected the fractionated dose to avoid exposing the mice to the acute dose [35] . Using wound healing assay, invasion assay, and sphere formation assay, we showed that the biological events occurring in the cells exposed to a single Figure S4) . The size of primary breast tumors and number of nodules in the lung were lower in mice injected with IL4-knockdown cells compared with those in mice injected with wild type cells (control mice), which showed a dramatic increase in both the size of primary breast tumors and number of metastatic lung nodules following fractionated IR treatment ( Figure 4B and 4C) . A histological examination of metastatic pulmonary tissues of the mice, using hematoxylin and eosin (H & E) staining, showed low density in mice injected with sh-IL4-transfected cells compared to those from control mice ( Figure 4C ). The metastatic pulmonary tissue of fractionated IR treated mice also showed intense H & E staining compared to that of control mice and IR-treated mice injected with IL-4-knockdown cells. In addition, mesenchymal markers, invasiveness related enzymes, angiogenesis-related proteins, and the cancer stem-like cell marker proteins were upregulated by activating the JNK/β-catenin/Stat6 signaling axis in metastatic pulmonary tissues ( Figure 4D ). Immunohistochemistry showed that IR-induced IL-4 increased the expression of major components related to p-Stat6, mesenchymal trait marker, Vimentin; invasiveness marker, MMP-9; stemness maintenance marker, Sox2; and tumor proliferation marker, Ki-67 (Supplementary Figure S5) . In addition, expression of β-catenin, Oct4, MMP-2, Ang2, and VEGF was also increased slightly (data not shown). Thus, IR-induced IL-4 enhances primary breast cancer metastasis to lung by stimulating the expression of components related to mesenchymal traits, invasiveness, angiogenesis, stemness maintenance, and proliferation. These results provide compelling evidence that IRinduced IL-4 expression mediates metastatic capacity of cancer cells in vivo.
IL-4 is a direct target of miR-340 and miR-429 which downregulated by IR
To identify miRNAs that control the expression of IL-4 and are downregulated by IR, we used miRNA target prediction tools such as Targetscan and miRanda. A total of eight miRNAs ( Figure 5A , left) were selected for further investigation and expression levels of IL-4 protein were also verified by western blot analysis. From the 26 miRNAs that are downregulated by IR per earlier reports [36, 37] , we focused on miR-340 and miR-429 ( Figure 5A, right) . We confirmed that IR suppressed the miR-340 and miR-429 mRNA expression in A498 cells in a time dependent manner ( Figure 5B , left) as well as mouse pulmonary tissues which exposed by fractionated IR (Figure 5B, right) . We also showed that miR-340/429 expression is positively correlated with the survival rate of patients ( Figure 5C ), using Kaplan-Meier analysis [38] . To verify if IL-4 was a direct target for miR-340 and miR-429, we constructed the 3′-UTR reporter plasmids containing full length IL-4 3′-UTR with wild type (wt) or mutated (mut) miR-340/429 binding site ( Figure 5D ). Using luciferase assay, we showed that miR-340 and miR-429 could repress the expression of reporter gene containing wt 3′-UTR but not that containing mutated 3′-UTR ( Figure 5E ). To confirm the relationship between IR-induced IL-4 and miR-340/429, we measured IL-4 mRNA levels after treatment with IR or recombinant IL-4 in the presence or absence of synthetic miR-340 or miR-429. Both the synthetic miR-340 and miR-429 efficiently suppressed the induction of IL-4 mRNA expression by IR and recombinant IL-4 ( Figure 5F ). These results suggest that IL-4 is a direct target for miR-340 and miR-429.
miR-340 and miR-429 inhibit IR-and IL-4 induced tumorigenicity
Gain and loss-of-function approaches were used to determine whether miR-340/429 were involved in IR or IL-4 induced tumorigenicity. Both the synthetic miR-340 and miR-429 mimics inhibited IR or recombinant IL-4 induced migration, invasion, tube formation, and sphere formation abilities in A498 or HUVECs ( Figure  6A ). To confirm the function of miR-340/429 and their target, IL-4 was knocked down using IL-4 siRNA. Loss of IL-4 induced by miR-340/429 inhibitors abolished the migratory, invasive, and sphere forming abilities of the cells ( Figure 6B ). Knocking down IL-4 also inhibited the production of IR-induced signaling molecules associated with IL-4 such as β-catenin, Stat6, Sox2, Vimentin, VEGF, Ang2, and MMP-2/9 in A498 ( Figure 6C ). These data further demonstrated that miR-320/429 could directly target IL-4 to suppress tumor progression and metastasis.
Collectively, our results demonstrated that IR upregulates IL-4 expression by suppressing the expression of miR-340 and miR-429. Finally, IR-induced IL-4 promotes tumor progression and metastasis by increasing β-catenin/Stat6 through activation of JAK/JNK in human cancer cells (Figure 7 ).
DISCUSSION
IR is often used as a therapeutic option for cancer patients in conjunction with chemotherapy and surgery [23] [24] [25] . IR evokes changes in the tumor microenvironment, altering the composition of cytokines and chemokines associated with multiple cellular responses, tissue remodeling [26, 39] , and cancer metastasis [27] . To study the tumor microenvironmentrelated effects of IR on tumor progression and metastasis, we screened for IR-induced cytokines and found that IL-4 mRNA levels were increased dramatically after IR exposure in various cancer cell types ( Figure 1A suggesting the involvement of IL-4 in tumor progression and metastasis after IR exposure [16, 17, 36, [40] [41] [42] . We found that IL-4 level is significantly upregulated in tissues of cancer patients and cancer cell lines ( Figure 1B and 1D) . We also confirmed that IL-4Rα expression was increased in renal cancer tissues compared with that in adjacent normal cancer tissues ( Figure 1E ). IL-4 expression is markedly elevated in breast metastatic carcinoma ( Figure  1F ) and is correlated with patient survival (Figure 1G ). High level of IL-4 expression is associated with increased recurrence and reduced survival in renal carcinoma patients [28] . These results suggest the potential role of IL-4 in the survival following radiotherapy. It was previously reported that IL-4 plays a critical role in the regulation of immune responses and is detected at high levels in the tumor microenvironment of cancer patients, where it is correlated with the grade of malignancy [43, 44] . Survival, proliferation, and metastasis of cancer cells are influenced by multiple factors, including cytokines in the tumor microenvironment that interact with surrounding cells and regulate complex signaling pathways [44] . In addition, IL-4 has been shown to increase the proliferation of colon, breast, head and neck, ovary, and prostate cancer cells in vitro [42] . However, there is no information as to how IR-induced IL-4 expression translates to tumor progression and metastasis.
Here, we report that IR-induced IL-4 signaling is strongly associated with EMT, migratory potential, invasiveness, angiogenesis, stemness maintenance, and metastasis of cancer cells (Figure 2-4) . EMT facilitates important cellular actions associated with tumorigenicity and metastasis of various tumors and thus is a crucial step in cancer invasion and metastasis [43, 44] . IR-induced mitogenic signaling pathways can induce angiogenesis and an invasive phenotype in cancer cells [4] , which in turn confer aggressiveness [13] . It has also been reported earlier that transition to a mesenchymal gene-expression pattern is associated with the acquisition of cancer stem cell properties [16, 17] . Conditioned media from sh-IL4 transfected cells exposed to IR had lower levels of secreted IL-4 and promoted angiogenesis in endothelial cells ( Figure 2C ). These results provide the evidence for IR-induced modification of tumor microenvironment.
By modulating IL-4 expression using siRNA, recombinant IL-4, or anti-IL-4 antibody, we found that IR-induced IL-4 signaling activates Akt/JNK via JAK, which in turn enhances β-catenin/Sox2/Oct4/ Stat6 signaling and subsequent MMP-2/9 activation, ultimately leading to tumor progression and stemness maintenance of human cancer cells ( Figure 3E-3H and Supplementary Figure S2) . IL-4, as an autocrine factor, has a critical role for survival signals of cancer stem-like cells [45] . IR is known to activate Akt [4, 46] and Stat3 signaling pathways resulting in radio-resistance in cancer [5] . IL-4 also promotes migration of cancer cells via the Akt/Stat6 pathway signaling [14, 47, 48] . We found that IR-induced IL-4 signaling also promoted the growth of primary breast tumors and their metastasis to lung in nude mice by activating IL-4/JNK/β-catenin/Stat6 signaling ( Figure 4A-4D and Supplementary Figure S5) . Various studies utilizing animal models have demonstrated that IR administered to primary tumors accelerates their spread and formation of distant metastases [3] .
Extensive research has established the role of miRNAs as important regulators of gene expression in cancer biology [49, 50] . Different miRNAs are variably expressed in different cancer types and are critically involved in regulating cell survival, apoptosis [51] , proliferation, cell death, and tumorigenesis. In this study, we have identified miR-340 and miR-429 as specific miRNAs for the IL-4 directed gene regulation in cancer cells ( Figure 5A-5C ). We also showed that miR-340 and miR-429 directly bind the 3′-UTR of IL-4 gene and inhibit the expression IL-4 mRNA and protein ( Figure  5D-5F ). miR-340 and miR-429 attenuated tumorigenicity, ultimately acting as tumor suppressors (Figure 6 ). Thus, the gene encoding IL-4 is a direct target of miR-340 and miR-429, which normally repress the expression of IL-4. Accordingly, IR-induced downregulation of miR-340 and/ or miR-429 de-represses IL-4 expression and promotes tumor progression, ultimately making IL-4 to act as a malignancy inducer. Target site prediction studies indicate that miR-429 targets and inhibits Sox2 expression as well as IL-4 expression [52] .
In summary, IR affects the miR-340/429/IL-4/β-catenin/Stat6 signaling axis through activation of JAK and JNK, effectively enhancing tumor progression and metastasis of human carcinomas (Figure 7) . Our findings represent a conceptual advance in the understanding of IR-induced changes in the tumor microenvironment, and suggest that a gene therapy that inhibits IL-4 combined with radiotherapy is a promising strategy for preventing aggressive tumor behavior.
MATERIALS AND METHODS
Cells culture
MCF-7 (human breast carcinoma), A498 (renal cell carcinoma) and Caki-1 (kidney carcinoma), PC3 (prostate carcinoma), and HEK-293 (normal kidney) cells were purchased from America Type Culture Collection (Manassas, VA, USA). Human breast cancer cells, highly metastatic MDA-MB-231 cells were kindly provided by S.J. Lee (Department of Life Sciences, Hanyang University, Korea) [35] . These cell lines were cultured in RPMI1640 or DMEM (Mediatech Inc., Manassas, VA, USA) medium containing 10% fetal bovine serum and ampicillin and streptomycin at 37ºC in a humidified atmosphere of 95% air and 5% CO 2 . HUVECs (human umbilical vein endothelial cells) cultured in endothelial cell growth medium MV2 with supplementmix (Promo Cell GmbH, Heidelberg, Germany).
Chemical reagents and antibodies
Polyclonal antibodies against p-Akt (Ser473), Akt, and p-GSK3β, and monoclonal antibodies to β-catenin and Vimentin, were purchased from Cell Signaling 
Plasmid DNAs
pGL3UC vector construct was kindly provided by V. N. Kim (School of Biological Sciences, Seoul National University, Korea) [53] . To perform the reporter construct, a DNA fragment of human IL-4 3'-UTR containing the putative miR-340 binding site (TTTATA, PCR product size;162 bp) and miR-429 binding site (AGTATT, PCR product size;151 bp) were amplified by PCR, and cloned into pGL3UC. The nucleotide sequences of primers for the amplification of the IL-4 3'UTR were pGL3UC-IL4-miR-429 wild type, forward, 5'-CAAGCAGCTGATCCGAT TCC-3'; reverse (wild) (underline: binding site), 5'-TG CACTGCAGAATACTTAAAA-3'; reverse (mutant), 5'-TGCACTGCAGACCCACT AAAA-3'; pGL3UC-IL4-miR-340 wild type, forward, 5'-CAAGCAGCTGATCCGA TTCC-3'; reverse (wild) (underline: binding site), 5'-TGCA CTGCAGTATAAATATAT-3'; reverse (mutant) 5'-TGCAC TGCAGTCCCCCTATAT-3'.
RNA oligoribonucleotides and transfection
Synthetic miRNA mimics or inhibitors were synthesized by IDT Incorporation (Integrated DNA Technologies, Inc., Coralville, Iowa, USA) as RNA duplexes designed from the sequences of miR-340 (5'-UUAUAAAGCAAUGAGACUGAUU-3') and miR-429 (5'-UAAUACUGUCUGGUAAAACCGU-3') using 5'-UGAAUUAGAUGG CGAUGUUTT-3' for the negative control. The inhibitor of miR-340 or miR-429 was a 2'-O-methyl-modified oligoribonucleotide single strand with the sequence as miR-340, 5'-AAUCAGUCUCAUUGCUUUAUA-3' or as miR-429 5'-ACGGUUUUACCA GACAGUAUU-3'. siRNA duplexes, shRNA, and miRNAs (20 nM) were introduced into cells for 48 hours using Lipofectamine 2000 reagent (Thermo Fisher Scientific, Grand Island, NY, USA) according to the recommended procedures. All siRNAs (β-catenin, Sox2, Oct4, and Stat6) and shRNA (sh-IL-4) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Ionizing irradiation treatment of cells
Ionizing radiation (IR) was performed to 50% confluent cells in 100 mm dishes as 5 Gy and do further experiment at 24 hours after IR. Cells were then exposed to γ-rays with 137Cs γ-rays source (Atomic Energy of Canada, Ltd, Canada) with a dose rate of 3.81 Gy/min.
Quantitative real-time PCR
Total cellular RNAs were extracted using TRIzol reagent (Molecular Research Center Inc., OH, USA) according to the manufacturer's instruction. First-strand cDNAs were synthesized using a mixture with Tetro cDNA Synthesis Kit (Bioline, London, UK) and were amplified using RCR cycler (DNA Engine Opticon 
Western blot analysis
Cell lysates were prepared by extracting with RIPA buffer supplemented with protease inhibitors (Roche, Indianapolis, IN, USA). Total protein extract prepared from A498 or MDA-MB-231 cells was separated by SDS-PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane. We performed the next steps according to the manufacturer's instruction [54] .
Wound healing assay
A498 or MDA-MB-231 cells were grown to confluence and scratched using a yellow tip. Cells were washed with pre-warmed phosphate-buffered saline (PBS) to remove cellular debris and allowed to migrate for [16] [17] [18] [19] [20] [21] [22] [23] [24] hours. The cells were fixed and stained with 0.05% crystal violet in 10% ethanol. The cell number of five fields in the wounded area (200 X 500 μm 2 ) were counted under a light microscope (Motic Incorporation Ltd., Causeway, Hong Kong) [55] .
Transwell invasion assay
Invasion assay was performed using matrigel (BD Biosciences, San Jose, CA, USA) coated transwell chambers (8 μm pore) (Corning, Corning, NY, USA). Cells (2.5 x 10 4 cells/well) were placed in the upper transwell chamber and medium containing 10% FBS was added to the lower chamber. The next steps were done according to the manufacturer's instructions [54] . The stained cells were counted under a light microscope.
Reporter assay
Cell reached to around 50% confluency in 24-well culture plates and then co-transfected for 48 hours with reporter plasmid (200 ng), pRL-CMV-Renilla (Promega, Madison, WI, USA) plasmid (1 ng) and miRNA using Lipofectamine 2000 (Thermo Fisher Scientific, Grand Island, NY, USA). Luciferase activity was measured using dual-luciferase reporter Assay system (Promega, Madison, WI, USA) according to the manufacturer's instructions and normalized to Renilla luciferase activity [53] . All experiments were performed in triplicate.
Sphere culture and sphere formation assay A498 or MDA-MB-231 cells containing control shRNA or IL-4 shRNA was suspended in Dulbecco's modified Eagle's medium-F12 (Mediatech Inc., Manassas, VA, USA) containing B27 (1:50) (Thermo Fisher Scientific, Grand Island, NY, USA) as cancer stem cell permissive medium. For the sphere formation assay, cells (1 X 10 3 ) were plated onto 100-mm dishes for 5-10 days. Sphere was counted with a diameter > 20 μm.
Tube formation assay
For the tube formation assay, 96-wells plates were coated with 100 μL of Matrigel (BD Biosciences, San Jose, CA, USA) prepared according to manufacturer's instructions [56] . Total tube numbers were counted and compared from three different fields using inverted microscope. Three independent experiment, were analyzed for statistical significance using the student's t-test. Differences were considered to be statistically significant at *p<0.05. 24 -well plate pre-coated with 60 μL of Matrigel (BD Biosciences, San Jose, CA, USA) was prepared according to manufacturer's instructions [57] . Then, 50-100 cells of A498 and MDA-MB-231 cells suspended in 600 μL of growth medium with Matrigel were seeded on the top of the Matrigel layers. After incubation in 37°C to form colonies, colonies were taken a photo per 5 days.
Three-dimensional cultures
Immunocytochemistry
Cells were fixed with 4% paraformaldehyde and permeabilized with 0.25% triton X-100 in PBS. To detect specific molecule, cells were incubated with the appropriate primary antibodies in a solution of PBS with 1% bovine serum albumin at 4°C overnight. Antibodies used were as follows: human anti-E-cadherin (mouse monoclonal antibody, 1:200) and anti-Vimentin (rabbit polyclonal antibody, 1:200). Secondary antibodies were used with anti-mouse or anti-rabbit Alexa Fluor 488 and 555-conjugated (1:500) for 1 hour in the dark. Nuclei were counterstained using 4, 6-diamidino-2-phenylindole (DAPI) mounting medium (Vector Laboratories, Burlingame, CA, USA). Stained cells were visualized with a fluorescence microscope (Zeiss LSM-710, Munchen, Germany).
Immunohistochemistry
The human cancer tissue was washed with TBS-T buffer and blocked with blocking solution (PBS, 5% BSA). Primary antibody staining was performed using anti-IL-4 (1:200) overnight at 4°C. After washing, ABC Kit and DAB (Vector laboratory, Burlingame, CA, USA) prepared according to manufacturer's instructions. Immuno-staining was observed and photographed using a cellSens (Olympus, Shinjuku-ku, Tokyo, Japan).
Tumor cell implantation
For in vivo tumor experiments, sh-control or sh-IL-4-transfected metastatic MDA-MB-231 cells (1x10 6 cells/mouse) were injected into fourth mammary fat pad of BALB/c nude mice (8-week-old female) (n = 5/group; Orient, Gyeonggido, Korea) to form primary tumors. Additionally, the treatment of fractionated IR (2.5Gy x 3 times) was performed at 15, 16, and 17 days after injection of cells. After 21 days injection of cells, the mice were anesthetized intraperitoneally and sacrificed. Tumor and metastatic lungs were excised from mice. Lung metastasis was analyzed by counting the number of foci in the lung. The tumor and lungs were fixed with formalin and embedded for immunohistochemistry (IHC) or were used for western blot analysis. This study was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Korea Institute of Radiological & Medical Science.
Statistical analysis
All results were analyzed for statistical significance that was assessed using a Student's t-test. A P value of p < 0.05 compare with the control was considered statistically significant.
